INTRODUCTION
The chloroplast genome of the photosynthetic protist Euglena gracilis contains at least 142 introns (1) . This is seven times the 18-21 introns of land plant chloroplast genomes (2, 3, 4) . Based on phylogenetic comparisons of prokaryotic and plastid genes, it has been proposed that the numerous Euglena introns, as well as most higher plant chloroplast introns, have arisen via intron insertion during evolution of" the chloroplast genome (5, 6) . The Euglena chloroplast introns are of two classes, group II introns also found in other chloroplasts and plant and fungal mitochondria, and group HI introns which are unique to the plastids of Euglena gracilis and the non-photosynthetic protist Astasia longa (7, 8) . The two classes of introns are readily distinguished by their characteristic features. Euglena group II introns are 211-611 nt in length and have highly conserved secondary structure (9, 10) . Group HI introns have a very narrow size range of 91 -119 nt (7) .
The Euglena chloroplast genome also contains introns-withinintrons, termed twintrons. Three types of twintrons have been described: group II within group II, group II within group HI and group HI within group HI (11, 12, 13) . Twintrons are excised from pre-mRNAs by sequential splicing of the individual introns. The internal intron is excised first, thereby splicing the separate portions of the external intron. Subsequent excision of the external intron results in splicing of the exons. The existence of twintrons is consistent with the concept that group II and group HI introns are mobile genetic elements. A three step process of reverse splicing, reverse transcription and homologous recombination is one possible mechanism of intron insertion and twintron formation (11) . If twintrons are formed by the insertion of a mobile intron into an existing intron, it is possible diat intron insertion into twintrons could result in more complex introns. In principle, a complex intron could be formed from 3, 4 or more individual introns.
The sequence and gene structure of a Euglena gracilis chloroplast polycistronic operon encoding two chloroplast ribosomal proteins and four CF 0 -CFi ATP synthase subunits has recently been determined (coordinates 30503-39956 EMBL accession #Z11874) (14) . The six genes of this operon are interrupted by seventeen introns. Nine of these introns are 99-112 nucleotides in length, and were identified as group HI introns. The other eight introns are 323 to 637 nt in length. Seven of the larger introns were determined to be group II introns based on their secondary structure (14) . The 434 nt intron 2 of rpsl8, (Fig. 1, coordinates 39466-39899) is too large to be a group HI intron, but does not have a group n secondary structure. We suspected that this intron might be a new type of twintron, comprised of four group HI introns. This hypothesis was tested by PCR amplification and subsequent sequencing of partially spliced cDNAs and by northern hybridization analysis. This 434 nt intron in the ribosomal protein S18 mRNA precursor is excised as four distinct group HI introns. The excised introns accumulate as circular or lariat RNA molecules. Two of these group in introns utilize multiple 5'-and/or 3'-splice sites. We use the term 'complex twintron' to describe an intervening sequence excised as three or more discreet introns. The existence of complex twintrons is evidence that larger introns can be assembled from smaller, individual introns, and is suggestive of a mechanism for the evolution of introns with multiple active splice sites.
MATERIALS AND METHODS
cDNA synthesis, amplification and cloning Total RNA was isolated from frozen Euglena gracilis chloroplasts as previously described (14, 15) . cDNAs were synthesized using specific oligonucleotide primers (University of Arizona Biotechnology Center) as described by Yepiz-Plascencia, et al. (16) . cDNA primer # 1 (5'GCGTGCTTGTTTAACTTTTG3', complementary to coor. 39914-39895 EMBL accession #Z11874) spans the rpsl8 intron 2-exon 3 boundary. cDNA primer #2 (5'GGAAGTAAGCCTAAATAGCGTGC3\ complementary to coor. 39931-39909) is within rpsl8 exon 3 (see Fig. 2A ). Resulting cDNAs were amplified by the polymerase chain reaction (PCR, Perkin-Elmer) with a primer in rpsl8 exon 2 (5'GAAGAnCATAAACTTTCAAGG3\ coor. 39374-39395) as previously described (11, 12, 13, 14) . As a control, purified Euglena chloroplast DNA (15) was also amplified using each cDNA primer with the rpsl8 exon 2 PCR primer. All PCR reactions consisted of a 3 min. 80°C hot start followed by 25 cycles of 1 min. 94°C, 2 min. 50°C, 2 min. 72°C. PCR products were cloned into ddT tailed Bluescript KS(+) (17) by both shotgun cloning of total PCR products and by gel purification (GeneClean, Bio 101) of individual cDNAs. Cloned cDNAs were sequenced by standard methods using the Sequenase DNA sequencing kit (U.S. Biochemical).
Northern hybridization analysis
Preparation of the northern blots of low molecular weight Euglena gracilis RNA has been previously described (13) . Briefly, 2/tg isopropanol soluble RNA (11) was fractionated by electrophoresis on 6% and 15% polyacrylamide slab gels containing 8M urea. Fractionated RNAs were transferred to Genescreen (NEN DuPont Co.) and hybridized to 32 P labelled RNA probes complementary to the entire rpsl8 intron 2, rpsl8 introns 2a and 2b or Euglena chloroplast 5S RNA.
RNA secondary structure determination
The most stable RNA structure of nucleotides 39562-39868, representing all of rps!8 intron 2b excluding the putative domain Vl-like region, was determined using the FOLD program (18) .
RESULTS

cDNA cloning and sequence analysis
The DNA sequence and structure of the Euglena chloroplast rpsl8 gene is presented in Fig. 1 . The positions of primers used for cDNA synthesis and PCR amplification of rpsl8 intron 2 are shown in Fig. 2A . The products of PCR amplification of cDNAs are shown in Fig. 2B . Amplification of cDNAs synthesized from cDNA primer # 1, which spans the intron-exon boundary and cannot amplify fully-spliced transcripts, results in PCR products of 560 bp, 450 bp, 340 bp, 230 bp and approximately 50 bp (Fig. 2B, lane 2) . The four larger products are interpreted as the unspliced primary transcript and three partially spliced premRNAs. The product of approximately 50 bp, as determined from cDNA sequence analysis, is an artefact of mis-priming during cDNA synthesis. Six nucleotides at the 3'-end of cDNA primer # 1 (5'-CTTTTG-3') are complimentary to nucleotides 39407-39412 (5'-CAAAAG-3') of ^7Sexon2. Because this product only appears upon amplification of cDNAs and not upon amplification of genomic DNA with the same primers (Fig. 2B , lane 4), it is likely that the mis-annealing took place during cDNA synthesis at 37°C, rather than during the PCR reaction in which the annealing temperature was 50°C.
PCR amplification of cDNAs synthesized from cDNA primer #2, which is within rpsl8 exon 3, results in four products of 560 bp, 450 bp, 340 bp and 230 bp that correspond to the cDNAs obtained with primer # 1, plus an additional product at 120 bp ( Fig. 2A, lane 3) . The 120 bp band corresponds to the predicted cDNA product of the fully-spliced transcript. The sizes of the PCR amplification products of the rps!8 intron 2 cDNAs are consistent with the hypothesis that this 434 nt intron is excised as four individual group III introns, each 100-110 nt in length. The PCR amplified cDNAs were cloned and sequenced. The cDNA amplification products of 560 bp, 450 bp, 340 bp, 230 bp and 120 bp correspond to transcripts from which 0, 1, 2, 3 and 4 group HI introns have been excised. These four introns are arranged in a complex pattern of two group DI introns within the internal intron of a group III twintron ( Fig. 2Q . The external intron 2a is interrupted once, and therefore consists of two noncontiguous pieces. The second intron 2b is interrupted twice and consists of three non-contiguous pieces. The remaining two introns, 2c and 2d, are intact and internal to intron 2b. Based on the analysis of the cloned cDNAs, the RNA maturation pathway shown in Fig. 3 is proposed as the major route of excision of rpsl8 intron 2. Partially spliced cDNAs from which intron 2c, or introns 2c and 2d, or introns 2b, 2c and 2d had been excised were characterized. All cDNAs from which only one intron had been excised lack intron 2c. These results are most consistent with the sequential in vivo excision of introns 2c, 2d, 2b and 2a, respectively. Excision of introns 2c and 2d results in the splicing of the three non-contiguous pieces of intron 2b into an intact intron. Subsequent excision of intron 2b results in the splicing of the two non-contiguous pieces of intron 2a into an intact intron, which is then excised to yield the fully-spliced rpsl8 mRNA. However, from these data the excision of the entire 434 nt intron or intron 2b interrupted by 2c and/or 2d cannot be excluded, since some of the same cDNA products would result from these splicing events.
The sizes of individual introns 2a, 2b, 2c and 2d are 107, 109, 106 and 112 nt, respectively. Each of the four individual introns has the characteristic features of group HI introns. These are size between 90-120 nt, 85-91% A+U base content, and a subset of conserved nucleotides characteristic of group II intron 5' splice sites. The 5' boundary sequence of each group HI intron has a guanosine residue at position +5, and most also have a uridine at position +2. This is similar to the group II intron 5'-consensus of 5'-GUGYG. The 3'-boundary sequences are variable, but all have an unpaired adenosine residue 7-10 nucleotides proximal to the 3'-splice site, within a potential structure similar to domain VI of group II introns (12, 13, 14) .
Utilization of multiple 5'-and 3'-splice sites Introns 2b and 2c are excised from multiple 5' and/or 3'-splice sites, however no variations were observed in the splice boundaries of introns 2a and 2d. Sequence data from cDNA clones from which both internal introns 2c and 2d have been removed are shown in Fig. 4 . Intron 2c is excised from two different 5' splice sites 2 nt apart, and four different 3'-splice sites at four adjacent nucleotides. The excision of intron 2b occurs from two 5' splice sites 25 nt apart (data not shown). Both intron 2b 5'-sites are spliced to the same 3'-site. The frequency and splice boundaries of die observed cDNAs are presented in Table 1 .
Internal introns are within potential secondary structures
Two potential secondary structures similar to features of group II introns have been described in group HI introns. A sub-set of group HI introns have structures resembling domain ID of group II introns (12) and all group III introns have a domain VIlike region near the 3' splice site (12, 14) . The sites of insertion of introns 2b and 2d are within the domain Vl-like regions of introns 2a and 2b, respectively (Fig. 5) . Intron 2c interrupts intron 2b within a secondary structure determined by the FOLD program (18), (Fig. 5B ). This stem-loop structure is similar to domain ID of group II introns and contains a potential exon binding site (EBS) in the loop. Although intron 2c is excised from two 5'-splice sites and four 3'-splice sites, the nucleotide pairing interactions of the main stem of this structure in intron 2b remain unchanged.
Northern hybridization analysis
The size and topology of the group HI introns excised from the rps!8 complex twintron were determined by northern blot analysis. Euglena gracilis chloroplast low molecular weight RNA was fractionated on 6% and 15% polyacrylamide gels and transferred to nylon membranes (13) . These blots were hybridized to RNA probes complementary to unspliced (pEZC2003) and partially spliced rpslk intron 2 (pEZC1056). The results of these hybridization experiments are shown in Fig. 6 . As expected, when fractionated on a 6% polyacrylamide gel, both probes hybridize to RNA species of approximately 105 -110 nt which migrate faster than the 123 nt 5S rRNA control. However, when the RNA is fractionated on a 15% polyacrylamide gel, the probes hybridize to RNA species which migrate slower dian the 5S rRNA. This shift in mobility is consistent with the hypothesis that excised group in introns accumulate as lariats rather than linear RNA molecules (13) . No abundant RNA species larger than 110 nt were detected with die rpsl8 intron 2 probes, although faint signals of 317 nt and 261 nt are detected by both rpsl8 intron 2 probes on the 6% gel (Fig. 6, lanes 2 and 3) . These higher molecular weight RNAs might be splicing intermediates containing intron lariats and 3'-exons. Alternatively these RNAs might be excised twintrons, or the result of non-specific hybridization to abundant transcripts, since long exposures were required to detect the 110 nt excised intron.
DISCUSSION
The results of phylogenetic analysis are consistent with the concept that most plastid introns are of recent origin and have arisen by the insertion of mobile introns into existing genes (5, 6) . The existence of twintrons is further evidence of the mobility of group II and group III introns (11, 12, 13) . The model of twintron formation is that as introns insert into the Euglena chloroplast genome, they become targets for subsequent intron insertion. A prediction of this model is that as twintrons accumulate, they should also become targets for intron insertion. The characterization of a complex twintron excised as four group IE introns is evidence that introns insert into twintrons and supports the model of mobile introns inserting into the Euglena chloroplast genome. An interesting aspect of group HI twintrons and the rps!8 complex twintron is the utilization of multiple splice sites in the excision of some of the group IU introns. Three of the four Euglena chloroplast group HI twintrons use multiple splice sites (13) , rps!8 intron 2b uses two 5'-splice sites and rpsl8 intron 2c uses two 5'-splice sites and four 3'-splice sites. Why do some group in introns utilize multiple splice sites while others do not? There are several possible explanations for the observed phenomena. Since accurate splicing of the external intron is necessary to restore the correct rpsl8 reading frame, it is not surprising that rpsl8 intron 2a is spliced from invariant boundaries. Perhaps the correct mRNA reading frame is recognized by a mechanism which suppresses mis-splicing of exons. Since the mRNA reading frame is established during translation, the chloroplast 70S ribosome may play a role in the splicing of group DI introns (19) . The structure of group HI introns or the difference in nucleotide composition between introns and exons may be recognized as signals that distinguish exons from introns. Conversely, the use of multiple splice sites could be a property common to group HI introns. The frequency of multiple splice site utilization of group HI introns interrupting protein coding regions may be similar to that of internal introns of twintrons. It is possible that these events have not been detected because mis-spliced mRNAs are rapidly degraded. Another possibility is that utilization of multiple splice sites is due to mutations in individual introns which alter splice site selection. A mutation in an intron interrupting a protein coding region which results in an altered polypeptide product would be subject to selection and either fixed or lost. But mutations in internal introns of twintrons may be subject to different selection pressures. If a mutation in an internal intron does not prevent excision of the external intron it would be essentially neutral and could persist. 
• Sizes of introns (2a) and (2b) assume excision of internal introns from most frequently used splice sites.
In the rpsl8 complex twintron there is evidence of two different types of alternate splice site utilization. Intron 2b uses two different 5'-splice sites which are 25 nt apart. In this case, it appears two different splice sites are recognized. When the splice site at position 39537 is used, introns 2a and 2b are 82 nt and 134 nt, respectively. These sizes are outside the normal group HI intron range of 90-120 nt. The unusual sizes of the resulting introns may explain the less frequent use of this 5'-splice site (see Table 1 ). It is not known if the short version of intron 2a resulting form excision of intron 2b from the site at position 39537 can be processed further. Indeed without an in vitro system there is no way to determine if any of the observed intermediates can be comletely processed. The observance of the splicing of intron 2b at position 39537 as an intron of 134 nt is consistent with flexibility in group HI splicing and subsequent splicing of the 82 nt intron 2a is quite possible.
Another pattern of splice site selection is seen in the splicing of intron 2c. In this case, it appears that the correct 3'-splice site is recognized, but multiple adjacent sites are used (see Table  1 ). Perhaps the observed 3'-splice sites are used with equal frequency because they all have the same domain Vl-like structure. However, it appears the mechanism which sets the distance of the 3'-splice site from this structure has been disrupted. This may be analogous to the situation in yeast nuclear pre-mRNA introns in which point mutations uncouple 5'-splice site recognition and utilization (20) . It is unclear whether the two 5'-splice sites of intron 2c result from incorrect recognition or utilization. There is a strong bias for the UAGUG at position 39604, although neither of the intron 2c 5'-splice sites possess the U at position +2 (see Table 1 ). Since the putative normal 5'-splice site is less than ideal, the splicing machinery may recognize or utilize the alternative site.
RNA species corresponding to the size of the excised individual introns, but not excised intact twintrons are detected by RNA hybridization (11, 12, 13 , and this work). These results are consistent with sequential excision of individual intron from the twintron. Excision of intact twintrons cannot be ruled out on the basis of these hybridization experiments alone, because the excised intact twintrons may be unstable. However, the detection of partially spliced cDNAs by PCR analysis is evidence that a major in vivo RNA maturation pathway of rpsl8 intron 2 involves sequential excision of the individual introns. For the individual introns of a twintron to be sequentially spHced, it may be necessary that a functional domain of the external intron be 
6% 15%
12 3 4 5 6 Figure 6 . Northern blot analysis of the excised introns of the rpslH complex twintron. Isopropanol soluble Euglena chloroplast RNA was fractionated on 6% and 15% polyacrylamide slab gels containing 8M urea and transferred to nylon membranes. These blots were hybridized to uniformly H P labelled RNA probes complementary to Euglena 5S RNA, lanes 1 and 4, the unspliced rpsl8 complex twintron, pEZC2003, lanes 2 and 5, and a partially spliced rpsl8 cDNA containing only introns 2a and 2b, pEZC1056, lanes 3 and 6. The positions of the rpsl8 intron 2 probes are indicated by thick lines below the maps of the recombinant cDNA plasmids.
interrupted (10, 11, 12) . For this reason introns-within-introns resemble naturally occurring insertion mutations within cis-acting domains necessary for splicing. Insertions of internal introns within the domain Vl-like structures of external group IE introns is interpreted as evidence that a domain VI is necessary for group HI intron excision. One interpretation of the differences in splice site selection between introns 2c and 2d is that precise excision of intron 2d near the putative unpaired A residue of the domain Vl-like structure is necessary to restore the function of this region. The potential secondary structure resembling domain ED in 2b, which is interrupted by intron 2c, may have less stringent structural requirements and therefore be able to accommodate imprecise excision of intron 2c. The presence of internal intron 2c in this region of rps!8 intron 2b is evidence that these structures may function in excision of some group HI introns.
We have previously proposed that group El introns have evolved from group II introns by loss and/or reduction of functional domains which have been replaced by trans-acting factors (7, 12, 13, 14) . The finding that excised group HI introns may accumulate as lariats strengthens this position. Sharp (21) has proposed that nuclear pre-mRNA introns could have descended from group II introns by the evolution of the group II functional domains into the snRNAs of the spliceosome. This fragmentation of introns into trans-acting molecules may allow additional levels of gene regulation and impart genetic diversity (22) . Whereas group II intron excision is constrained to specific 5'-and 3'-splice sites by the structure of the intron, trans-acting factors can activate or inactivate alternative splice sites of nuclear pre-mRNAs (23) . Utilization of multiple splice sites in the excision of internal introns 2b and 2c of the rpsl8 complex twintron would not result in alternative polypeptides, but is evidence that alternative splice site recognition and utilization occurs during splicing in Euglena chloroplasts. During the evolution of nuclear pre-mRNA introns from group II introns splicing fidelity has been traded for added flexibility (22) . If group III introns have descended from group II introns, they have added variability but the flexibility of multiple polypeptides from a single gene has not yet been detected. It is possible that twintron excision utilizing multiple 5'-and 3'-splice sites is a precursor to alternative splicing which results in multiple polypeptides (11, 12, 13) .
The results of our studies of RNA processing in Euglena gradlis chloroplasts have several implications concerning intron biology. Both group II and group El introns are likely to be mobile genetic elements which insert into not only coding regions but other introns, twintrons, intercistronic spacers (19) , and perhaps any RNA. Insertion of introns into existing introns is a mechanism for the assembly of introns with multiple 5'-and 3'-splice sites. Finally, the potential for regulated, alternative splicing may have co-evolved with the fragmentation of group n introns into trans-acting molecules in both group m and nuclear pre-mRNA introns.
